' INTRODUCTION
Black carbon is a component of the freshwater environment that has been poorly characterized. [1] [2] [3] Produced from the incomplete combustion of vegetation (fires), fossil fuels, and petrogenic processes (mineral, graphite), black carbon comprises a spectrum of related materials ranging from charred vegetation to refractory graphitic nanoparticles. 4 These materials are present throughout the Earth system, impacting climate, 5-7 the carbon cycle, 1, [8] [9] [10] and human health. 11, 12 Notably, several studies have shown that black carbon is a significant component (up to 20%) of sedimentary organic carbon in the remote ocean 13 and could represent a significant carbon sink. 1 While particulate black carbon (diameter >0.45 μm) have been determined in soils 14, 15 and sediments, 1, 15 the low concentrations of black carbon suspended in fresh water bodies and in the oceans have proven more difficult to analyze. [16] [17] [18] The abundance and sources of black carbon in freshwater and the fraction exported to the ocean are thus almost unknown as well as its effect on aquatic chemistry. 8, 10 In this paper, we focus our interest only on refractory black carbon nanoparticles (rBC) of diameters comprised between 60 and 400 nm. Those particles can be produced from the fragmentation of charcoal or from the gas-phase condensation and subsequent carbonization of pyrolysis emissions (ref 19 and references therein). In this last case, rBC typically consists of fractal aggregate chains of spherules with diameters of ∼30 to 40 nm 20, 21 capable of long-range transport in the atmosphere and thus available as tracers for smoke emissions. 22 In both cases, the particles are very refractory (i.e., vaporizing only at very high temperature), have very large surface areas, and are potent adsorbers of polycyclic aromatic hydrocarbons (PAHs) and persistent organic pollutants (POPs). [23] [24] [25] [26] [27] Initially hydrophobic, partial surface oxidation or coating of the particles with organic species 19 allow it to disperse in water forming hydrosols small enough to be ingested by biota.
The objective of this study was to gain a basic knowledge of rBC hydrosols in freshwater by investigating the concentrations, ABSTRACT: Emitted to the atmosphere through fire and fossil fuel combustion, refractory black carbon nanoparticles (rBC) impact human health, climate, and the carbon cycle. Eventually these particles enter aquatic environments, where they may affect the fate of other pollutants. While ubiquitous, the particles are still poorly characterized in freshwater systems. Here we present the results of a study determining rBC in waters of the Lake Tahoe watershed in the western United States from 2007 to 2009. The study period spanned a large fire within the Tahoe basin, seasonal snowmelt, and a number of storm events, which resulted in pulses of urban runoff into the lake with rBC concentrations up to 4 orders of magnitude higher than midlake concentrations. The results show that rBC pulses from both the fire and urban runoff were rapidly attenuated suggesting unexpected aggregation or degradation of the particles. We find that those processes prevent rBC concentrations from building up in the clear and oligotrophic Lake Tahoe. This rapid removal of rBC soon after entry into the lake has implications for the transport of rBC in the global aquatic environment and the flux of rBC from continents to the global ocean. variability, and likely sources of rBC in an oligotrophic lake. The study was performed in Lake Tahoe and its watershed (NV-CA, United States), famous for its water clarity and relatively pristine setting in the Sierra Nevada Mountains. However, small urban centers and roads encircle the lake, leading to inputs of urban runoff. Concentrations of rBC in urban runoff, streams, the lake's near-shore zone, and midlake water column were examined between January 2007 and September 2009. This time period included a major fire (Angora fire), which occurred from June 26th to July second, near the southwestern end of the lake. The fire allowed the examination of an increase of rBC aerosols on the lake and its mobilization from the fire site to a nearby stream. Free Runoff. Water from free runoff (not from culverts) was also sampled (grab samples) from random locations at five sites in South Lake Tahoe during the spring of 2009 on four different days corresponding to four different weather conditions. Two of these sites were located 25 m from Highway 50 between the road and the beach (South Beach sites). The Bijou and Regan sites were also on the south shore but farther away (∼350 m) from Highway 50. The last site collected stormwater runoff released into the Upper Truckee River from nearby Highway 50 and 3 km upstream from where the stream discharges into Lake Tahoe ( Figure 1C) .
Near Shore Zone. Spatial and temporal variability of the rBC concentrations in the Near Shore Zone (NSZ) of South Lake Tahoe was investigated. NSZ was defined as the water band starting at 1 m from the beach-water interface and extending into the lake up to 100 m or until the water depth reached 7.5 m. Lake water was sampled at four sites along the South Lake Tahoe shore ( Figure 1C ) with a centrifuge tube hand-dipped into lake water from a canoe. NSZ sample sites from west to east are as follows: Upper Truckee discharge, Regan, South Beach, and Bijou, corresponding to the "off shore" locations of onshore stormwater monitoring sites ( Figure 1C ). At the NSZ sites, samples were collected during three storm events and one clear day of spring 2009 and at distances of about 1, 10, 50, and 100 m from the shore.
Flow Injection-SP2 Black Carbon Analysis. Concentrations of rBC were determined using a single particle intracavity laser induced incandescence photometer (SP2, Droplet Measurement Technologies, Boulder, Colorado) coupled to a Flow Injection (FIA) system with ultrasonic nebulization/desolvation (CETAC UT5000), Figure 2 . Analyses of rBC aerosols using the SP2 have been described in detail in several papers [29] [30] [31] including interinstrumental comparisons with other black carbon analytical methods. 32 The SP2 determines rBC from the wavelength resolved incandescent light emitted by individual rBC particles heated to their boiling point (3700 to 4300 K) inside an intracavity ND-YAG laser (1064 nm). As a result of the unique boiling range of rBC (higher than pure silicon or nickel), the method is free of positive interferences from organic substances such as humic acids or PAHs, either as aerosol particles or coatings in rBC. 33, 34 Furthermore, the method is insensitive to rBC particle morphology 35 but restricted to a particle size range of ∼60 to 400 nm depending on particle density. This size range is smaller than typical charcoal fragments or mineral graphite particles. 36 In the FIA adaption of the method, 2 mL samples are injected into an ultrapure water carrier, nebulized, and desolvated before passing through the SP2. Concentrations of rBC are determined using a calibration of the incandescent light intensity to individual rBC particle mass combined with an external calibration of the FIA/nebulizer system using commercial pigments of known rBC concentration (Aquablack 162, Tokai Carbon, Tokyo) see the SI and Figure S1 . External calibrations were performed daily for concentrations ranging from 0.03 to 80 μg/L with 10 standards. Procedural blanks were investigated using filtered lake and river water (<20 nm, Anopore filter) and were below the detection limit (∼ 0.01 μg/L, 3σ). Instrumental blanks were prepared from ultrapure water (>18 MΩ) and were also below the detection limit. Replicate samples, a quality control standard, and an instrumental blank were run every 10 samples with a standard deviation of less than 10% for concentrations above 0.1 μg/L and ∼20% for lower concentrations. Samples with concentrations exceeding 30 μg/L were diluted with ultrapure water to concentrations lower than 20 μg/L.
' RESULTS AND DISCUSSION rBC Response to the Angora Wildfire. Midlake Concentrations. rBC concentrations in midlake samples displayed high variability with depth and time ranging from 0.02 to 0.45 μg/L with a geometric mean of 0.05 μg/L. For a lake volume of about 180 km 3 , this represents a total rBC mass of ∼9 tons or 0.01 to 0.02% of the Dissolved Organic Carbon (DOC) pool, assuming fairly low DOC concentrations ranging from 300 to 400 μg/L (Stuart Goldberg, UCSD, personal communication). Orders of magnitude higher black carbon concentrations have been reported in seawater (∼800 to 3700 μg/L in Gulf of Mexico, 16 ∼90 to 280 μg/L in the Chesapeake Bay 37 ) and in river water (∼100 to 400 μg/L in the Delaware river 37 ). However, these studies were based on the indirect measurement of black carbon decomposition products (hydrogen deficient molecules), not measured with the SP2 method (this paper). In contrast, black carbon measurements in the Gulf of Maine established concentrations in particulate organic carbon (large nondissolved black carbon particles of diameter >700 nm) ranging from only 0.1 to 16 μg/L, 38 overlapping the concentrations found in Lake Tahoe with the SP2 method, albeit a larger particle size range. In order to compare these various studies, the relationship between black carbon decomposition products, particulate black carbon (>700 nm) and rBC needs further investigation.
Seasonal Variability. The seasonal variability of the total water column rBC is shown in Figure 3 broad basin runoff from higher elevation nonurbanized snowmelt, which brings a large volume of water to the lake. 39 The twoto-4-fold increase in rBC during July and August 2007 corresponds to the Angora fire, which occurred from June 26th to July second 2007. After the fire, there was no rain over the watershed for the remainder of July and August. Therefore we assume that fire inputs of rBC should have contributed to lake concentration through dry deposition onto the lake surface. After this transient maximum, rBC concentrations in the lake decreased and stayed low until the end of sampling in August 2009. Angora Site. Observations from the Angora Creek, within and immediately downstream of the fire area (Figure 1B) , also suggest low rBC inputs from streams into the lake. Overall, from July 2007 to January 2009, rBC concentrations at the upper Angora Creek ranged from 0.3 to 1 μg/L. Three days after the fire (July fifth) and a year and a half later (January 23rd 2009) the upper Angora Creek site also exhibited low rBC concentrations with levels similar to the ones observed in the middle of the lake (0.3 μg/L). Assuming an average concentration of 0.5 μg/L, the rBC input to Lake Tahoe from Angora Creek was about ∼1.6 kg for the winter 2009 (Table 1) . Since the Creek represents about 1% of the watershed runoff inputs to Lake Tahoe, the stream was probably a negligible source of rBC to the lake during and after the fire, confirming the hypothesis that the increase in rBC lake concentrations synchronous to the fire was driven by atmospheric dry deposition processes. These results also imply that rBC deposited to soil is relatively immobile.
rBC Input to Lake Tahoe from Urban Stormwater Runoff. Concentrations of rBC in urban stormwater runoff samples were systematically higher than in the midlake samples by a factor of 100 to 1000, supporting the existence of additional sources of rBC not related to forest fires. Runoff rBC concentrations were rarely less than 5 μg/L and were often in the 30 to 100 μg/L range. rBC concentrations in highway stormwater runoff samples were typically between 100 to 400 μg/L and as high as 600 μg/L. Storm Water Monitoring. Stormwater monitoring (SWM) samples provide an overview of rBC concentrations in runoff in relation to urbanization type. Table 1 displays the rBC concentrations in composite samples representing the average concentration for an entire storm event. South Tahoe Airport (site exhibiting the larger commercial/industrial activities) and Incline Village (highest residential coverage) showing elevated rBC concentrations (from 100 to 350 μg/L). Lower rBC concentrations were observed for stormwater draining less populated and commercialized areas (from 10 to 150 μg/L at Kings Beach and Tahoe City). Those concentrations at each site were extrapolated to the total runoff volume of the events to estimate rBC inputs to the lake (Table 1) . At South Tahoe Airport (relatively high concentrations and high volumes), the runoff could have brought between 0.1 to 1 kg of rBC to the lake every event. On the contrary, Incline Village runoff seems to be a small source of rBC to Lake Tahoe (∼10 g/event) despite high concentrations. Over the whole winter 2009, each site may have discharged between ∼0.4 kg (Kings Beach) to ∼5.4 kg (Tahoe City) of rBC, Table 1 . This is much higher than for Angora Creek (∼1 kg/year), even though the discharge of the creek is 20 to 1000 times larger than at the runoff sites. Distribution of rBC concentrations for samples collected at different times of the precipitation event of January 22th at three locations (Kings Beach, Incline Village and South Tahoe Airport) shows higher concentrations at the beginning of the event than at the end, demonstrating an initial flushing effect (Figure 4) .
Free Runoff. In samples collected from free runoff (surface water runoff, not from culverts), rBC concentrations were in the same order of magnitude as in SWM samples (culvert runoff). Replicate samples at one site and during one storm event had very similar concentrations (variability <10%); however, rBC concentrations varied from one site to another and from one day to another, sometimes by several orders of magnitude and depending on the total runoff volume ( Figure 5 ). On February 23rd, we measured an averaged rBC concentration of 430 μg/L during a 24 h period of intermittent rain which transported a total water volume of 340 m 3 through the Bijou SWM site (chosen as reference for runoff volume). On March second, runoff sampled during steady rain conditions and higher runoff volume (3060 m 3 ) had lower concentrations than during the first storm (average rBC concentration: 150 μg/L). On March fourth, occasional snow showers produced less water for runoff than the March second event (400 m 3 ) and rBC was comparatively more concentrated (average rBC concentration: 300 μg/L). Finally, on May third, sampling took place after a two day period of scattered rain showers (∼total runoff volume 400 m 3 ), but in this case rBC concentrations were also low (150 μg/L). Overall, concentrations during the major rain event of March second were lower than during the light precipitation events of February 23th and March fourth, suggesting dilution processes. However, low rBC concentrations also observed during the low volume runoff on May third may indicate that urban rBC sources were smaller during the spring than in the winter (heavier road use, wood burning). Higher rBC concentrations and loads (due to higher flow rates) were also consistently found in sites close to Highway 50 (South Beach and Upper Truckee River), and the lower concentrations were observed for the commercial and residential sites (Bijou and Regan). Thus, the rBC concentrations appear directly related to traffic volume and may be used as an indicator for traffic pollution, as previously suggested by other studies. 40 rBC in the near Shore Zone: Linking Runoff and Middle Lake. The near shore zone (NSZ) of the lake ( Figure 1C ) is affected by runoff and river inputs and by mixing with the middle lake waters. ). This likely reflects dilution in the NSZ, which also displayed a sharp gradient (one to 2 orders of magnitude) in rBC concentrations 10 to 100 m away from the shore and lower rBC concentration in water from streams and from the Upper Truckee River. Overall, the analysis of stormwater runoff, stream, and near shore waters suggest that concentrations of rBC in the NSZ are mainly driven by pollution from vehicle emissions around the Lake and by direct urban runoff, probably overcoming natural rBC levels. The high concentrations (up to 600 μg/L) found in stormwater runoff have implications for water pollution in large cities where enormous amounts of rBC must be transferred from roadways and other surfaces by precipitation into urban water systems.
In the midlake, large perturbations in rBC concentrations appear to be connected with episodic events such as fires and snowmelt. However, considering that rBC nanoparticles should have very low water deposition rates (∼1 m/year) it is surprising that concentrations in the lake remain relatively stable and do not build up. The rapid decrease in midlake concentrations following the pulse associated with the fire (Figure 3 ) is also unexpected knowing such low rates. In the NSZ, we hypothesize that rBC must be removed through interactions with larger particles and other colloidal species by a combination of adsorption and aggregation, [41] [42] [43] reducing the amount of rBC transferred to the midlake and driving the sharp gradient in rBC observed from 1 to 100 m from shore. Thus, an investigation of rBC concentrations in the top layer of NSZ sediments could reveal relatively high rBC content.
However, since Lake Tahoe is oligotrophic and with very low particulate concentrations, 44 the adsorption of rBC on other colloids and its removal by aggregation in the middle of the lake is unlikely to account for the changes in concentration. We suggest that additional processes are also needed to explain those rapid changes. These processes may include alteration of rBC by UV irradiation, 45, 46 uptake and agglomeration by biota, 47, 48 disaggregation and eventual mineralization. 27 This implies that rBC is not transported over large distances as an hydrosol and that its transfer from continental pools to oceans likely occurs in association with sediments. Further studies of rBC and other colloids in lakes and rivers are needed to determine the ultimate mobility and fate of these ubiquitous particles through terrestrial water systems.
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